1. Introduction {#s0005}
===============

Ribosomes are the molecular machines that translate the genetic information contained within messenger RNAs into proteins. While there is a detailed understanding of eukaryotic ribosomes at both a structural and functional level [@bb0005; @bb0010; @bb0015], much less is known about the intricate assembly process of the ribosomal subunits. The biogenesis of ribosomes is initiated in the nucleolus by the transcription of a common large precursor of mature ribosomal RNAs. The nascent precursor rRNA (pre-rRNA), which undergoes snoRNP-mediated modification of nucleotides, assembles with some ribosomal proteins and early biogenesis factors to form the first pre-ribosomal particles. Concomitant to or shortly after completion of transcription, the pre-rRNA undergoes endonucleolytic cleavages that separate the precursor particles to the mature 40S and 60S ribosomal subunits. These pre-40S and pre-60S particles mature further in the nucleolus and nucleoplasm before being exported to the cytoplasm, where final maturation events yield the translation-competent ribosomal subunits [@bb0020; @bb0025; @bb0030; @bb0035; @bb0040; @bb0045; @bb0050]. Proteomic analyses have identified many distinct pre-ribosomal particles that can be chronologically ordered along the maturation pathway from the nucleolus to the cytoplasm ([Fig. 1](#f0005){ref-type="fig"}). These landmark pre-ribosomal particles significantly differ in protein and (pre-)rRNA composition, thus highlighting the remarkable dynamics and complexity of shaping the rRNA and its associated ribosomal proteins into the correct structure.

The combination of genetic, cell biological, and proteomic methods has revealed that more than 200, mostly essential, non-ribosomal factors (also called biogenesis factors or protein *trans*-acting factors) contribute to eukaryotic ribosome biogenesis. While some of these factors are directly involved in the modification and processing of the pre-rRNA, others stabilize the pre-ribosomal particles, promote formation of productive RNA folding intermediates, or act as placeholders for selected ribosomal proteins that are recruited at a later time point in biogenesis. A further set of factors are essential for, or facilitate, the export of pre-ribosomes through the nuclear pore complex (NPC). A prominent number of biogenesis factors belong to different classes of energy-consuming enzymes, including ATP-dependent RNA helicases, GTPases, protein kinases, and three AAA-type ATPases [@bb0020; @bb0035]. Nucleotide binding or hydrolysis by these enzymes is believed to be instrumental for the promotion or regulation of key biogenesis steps, thus conferring directionality and accuracy to the assembly process. For recent reviews on non-ribosomal factors and their functions during ribosome biogenesis, see [@bb0020; @bb0025; @bb0035].

In this review, we focus on the molecular roles of the AAA-ATPases (ATPases associated with various cellular activities) involved in ribosome biogenesis. To date, a role in this process could be attributed to three essential AAA-ATPases, namely Rix7 (ribosome export), Rea1/Mdn1 (ribosome export associated/midasin), and Drg1/Afg2 (diazaborine resistance gene/ATPase family gene), which act at distinct steps during 60S subunit biogenesis in the yeast *Saccharomyces cerevisiae*. AAA-ATPases contain at least one structurally conserved ATPase module that assembles into functionally active ring structures. In addition to the conserved Walker A and Walker B motifs, they are characterized by class-specific elements that also contribute to ATP hydrolysis, such as the sensor-I, sensor-II and the arginine finger [@bb0055]. Within these molecular machines, cycles of nucleotide binding and hydrolysis induce conformational changes that affect a broad range of substrate proteins [@bb0055; @bb0060].

While the AAA-ATPases Rix7 and Drg1 are closely related to the well-characterized Cdc48 (p97 in mammals), Rea1, which is the largest yeast protein, shares similarity to the microtubule motor protein dynein heavy chain (Dyn1). Interestingly, all three AAA-ATPases promote the release of distinct biogenesis factors from nucleolar (Nsa1 by Rix7), nucleolar and nucleoplasmic (Ytm1-Erb1-Nop7 and Rsa4 by Rea1) and cytoplasmic (several shuttling factors by Drg1) pre-60S intermediates ([Fig. 1](#f0005){ref-type="fig"}) [@bb0065; @bb0070; @bb0075; @bb0080]. The release of these factors from pre-60S particles ensures their recycling and likely triggers conformational changes that are critical determinants for the progression of ribosome assembly, e.g. promoting export or subunit-joining competence.

2. The type II AAA-ATPases Drg1 and Rix7 are closely related to Cdc48/p97 {#s0010}
=========================================================================

Drg1 and Rix7 are essential, eukaryote-specific AAA-ATPases that belong to the classical AAA clade [@bb0060; @bb0085; @bb0090; @bb0095]. Proteins of the classical clade are structurally defined by the presence of a short additional α-helix between β-strand 2 and α-helix 2 within their AAA domains (see Fig. S1). The high sequence similarity of their AAA domains clearly separates this classical clade from the other AAA+ clades; i.e. (i) the generally conserved sensor-II arginine is replaced by an alanine, (ii) there is a short insertion within the arginine finger region leading to the occurrence of two conserved arginines (Fig. S1) [@bb0060; @bb0085]. Analysis of the improved structures of p97 suggests that the first of the two arginines, and not the conventional arginine, may be involved in catalysis [@bb0100].

Due to the strong sequence similarity of Drg1 and Rix7 to Cdc48/p97/VCP -- they are in fact the closest relatives of Cdc48 -- Drg1 and Rix7 can be further classified as members of the NSF/Cdc48/Pex family of AAA proteins [@bb0060]. These type II AAA-ATPases [@bb0105] notably contain two consecutive AAA domains (designated D1 and D2) that are preceded by a specific N-terminal domain, which is generally involved in substrate recognition (see below, [Fig. 2](#f0010){ref-type="fig"}). While the sequence conservation between Rix7 and Cdc48 is restricted to the two AAA domains, the similarity between Drg1 and Cdc48 extends to the N-terminal domain (see below, Fig. S2). Secondary and tertiary structure prediction suggests that the N-terminal domain of Drg1, like the N-terminal extensions of p97, NSF, PEX1, and the archaeal VCP-like AAA-ATPase VAT [@bb0110; @bb0115; @bb0120; @bb0125; @bb0130; @bb0135; @bb0140], folds into two sub-domains: a double-psi (ψ) beta (β) barrel Nn-domain and a four-stranded β-barrel Nc-domain (see Fig. S2).

Intriguingly, the N-terminal domain of Rix7 differs structurally from the double-ψ β barrel/four-stranded β-barrel sub-domain organization that is prevalent among NSF/Cdc48/Pex family members. Secondary structure predictions suggest a primarily α-helical organization that is followed by a short linker region and a bipartite nuclear localization signal (NLS) (see Fig. S3A and B). A recently released NMR structure reveals that the first 74 amino acids of the Rix7 mouse orthologue NVL (nuclear VCP-like protein) fold into a three-helix bundle [@bb0145]. Even though the N-terminal domain of different Rix7 family members is only weakly conserved at the primary sequence level (Fig. S3), multiple sequence alignments together with secondary and tertiary structure prediction suggest that the first part of the N-terminal domain (N1) of Rix7/NVL proteins may generally fold into such a three-helix bundle. The second N-terminal region (N2) is predicted to contain one highly conserved α-helix, which indicates an overall conservation of the N1/N2 region among all eukaryotic species (see Fig. S3). In contrast to fungal Rix7, higher-eukaryotic orthologues, like NVL, contain an insertion (N3) between the end of the N2 region and the bipartite NLS (Fig. S3A).

Sequence alignments of the AAA domains of Cdc48, Drg1 and Rix7 reveal a few obvious differences between these proteins (Fig. S1): (i) Cdc48-family members notably contain a C-terminal extension to the D2 domain that mediates the interaction between Cdc48/p97 and certain substrate-processing cofactors [@bb0150; @bb0155; @bb0160; @bb0165]. (ii) Rix7-family members contain an insertion of around 40--50 amino acids after α-helix 7 within the D1 domain. Preliminary deletion analysis indicates that this insertion segment, despite its poor sequence conservation, is required for optimal Rix7 function (D. Kressler and E. Hurt, unpublished data). (iii) Finally, the D2 domain of Cdc48- and Rix7-family members harbors, again after α-helix 7, insertions of around 10--35 amino acids. This region seems to be rather flexible and devoid of strong secondary structure elements since it is not represented in the crystal structures of p97 [@bb0100].

2.1. Rix7 removes the biogenesis factor Nsa1 from nucleolar pre-60S particles {#s0015}
-----------------------------------------------------------------------------

Rix7 was the first AAA-ATPase for which a role in 60S ribosome biogenesis could be established [@bb0095], and it is the earliest acting AAA-ATPase in 60S biogenesis (see [Fig. 1](#f0005){ref-type="fig"}). Rix7 was originally identified in an Rpl25-eGFP based screen for ribosomal export mutants (*rix*) of the large 60S subunit [@bb0095; @bb0170]. Strains defective in Rix7 accumulate the Rpl25-eGFP reporter predominantly in the nucleolus and they rapidly degrade the 27SB pre-rRNA, thus containing reduced amounts of mature 60S subunits [@bb0075; @bb0095]. These phenotypic observations suggest that Rix7 is involved in a structural rearrangement required for correct assembly, and therefore stability, of nucleolar pre-60S ribosomal particles. In agreement with a direct action of Rix7 on nuclear pre-60S ribosomes, Rix7-GFP localizes during exponential growth phase to the nucleoplasm and nucleolus [@bb0095]. Interestingly, Rix7-GFP exhibits a dynamic sub-nuclear localization. In stationary phase cells Rix7-GFP concentrates in the nucleolus, while, strikingly, upon transfer to fresh medium Rix7-GFP shows a transient perinuclear signal before regaining a uniform nuclear distribution after prolonged growth in fresh medium [@bb0095]. However, the functional basis of this nutrient-dependent localization of Rix7 remains so far elusive.

The predominantly nucleolar accumulation of the Rpl25-eGFP reporter upon mutational inactivation of Rix7 suggests that Rix7 may act on a nucleolar pre-60S particle. Indeed, Rix7 is specifically, albeit in sub-stoichiometric amounts, associated with a nucleolar, Nsa1-purified pre-60S intermediate that can be placed between the early nucleolar, Ssf1-defined and the nucleoplasmic, Rix1-defined pre-60S particle (see [Fig. 1](#f0005){ref-type="fig"}) [@bb0075]. Although direct in vitro evidence for a specific release of Nsa1 from pre-60S particles by Rix7 is currently lacking, cell biological and biochemical experiments revealed that, in vivo, Nsa1 cannot dissociate from pre-60S particles when Rix7 function is perturbed, as evidenced by the cytoplasmic accumulation of otherwise nucleolar Nsa1 on translation-competent 60S subunits [@bb0075]. In support of Rix7 acting directly on Nsa1, yeast two-hybrid interaction assays revealed a robust interaction between full-length Nsa1 and a Rix7 fragment (amino acids 166--557) lacking the N-terminal N1/N2 region and most of the D2 domain. Interestingly, Nsa1 appears to be very tightly bound to the pre-60S particle (D. Kressler and E. Hurt, unpublished data), which may explain the requirement for such a powerful molecular machine for its extraction. Altogether, these results strongly suggest that Nsa1 represents a potential pre-60S ribosomal substrate protein of the AAA-ATPase Rix7. The consequences of an inefficient release of Nsa1 upon mutational inactivation of Rix7 can be summarized as follows (see Fig. S4): (i) the majority of pre-60S particles do not evolve further and are degraded in the nucleus; (ii) a fraction of pre-60S particles are retained in the nucleolus and their composition is shifted towards one of earlier pre-60S particles; (iii) the pool of pre-60S particles that escape from turnover and nucleolar retention contains Nsa1, which accumulates over time on "aberrant" cytoplasmic 60S r-subunits [@bb0075]. Accordingly, Rix7 can be viewed as an energy-requiring trigger that powers progression of 60S r-subunit biogenesis by stripping Nsa1 from a late nucleolar pre-60S particle.

How does Rix7 recognize and dissociate its proposed substrate Nsa1 from pre-60S particles, and how exactly is the release of Nsa1 timed and triggered? Even though the N-terminal domain of Rix7 seems not to be required for the presumably direct interaction with Nsa1, its integrity is intimately, genetically and functionally, linked to Nsa1 [@bb0075]. Interestingly, Nsa1 is strongly poly-ubiquitinated in vivo (D. Kressler and E. Hurt unpublished data), which hints at a possible involvement of this modification in substrate recognition or processing. Maybe the analogy to Cdc48/p97 offers a hypothesis. The diverse cellular functions of Cdc48/p97 are all linked to the recognition of ubiquitinated substrates and their dissociation from unmodified binding partners [@bb0165]. The N-terminal domain of Cdc48/p97 represents a main interaction platform via which ubiquitinated substrate proteins are recognized, either directly or indirectly, through substrate-recruiting cofactors [@bb0165]. Moreover, the relative position of the N-terminal domain changes depending on the nucleotide bound to the D2 domain [@bb0100; @bb0175; @bb0180], suggesting that the movement of the substrate-bound N-terminal domain may lead to substrate release from its binding partner. Therefore, we speculate that the N-terminal domain of Rix7 may also contribute to the recognition and processing of ubiquitinated Nsa1. In analogy to the AAA-ATPases Cdc48 and Pex1/6 [@bb0185], the fate of Rix7-released Nsa1 -- recycling or proteasomal degradation -- may be determined by the length and nature of the attached ubiquitin chains. It may even be that ubiquitination of Nsa1 serves as a quality control during pre-60S biogenesis at the nucleolar--nucleoplasmic border.

Is the function of Rix7 restricted to the nucleolar release of Nsa1 from pre-60S particles? Given the fact that Rix7 localizes throughout the nucleus, it is tempting to speculate that Rix7 could participate, possibly through recognition of ubiquitinated substrates, in many different nuclear processes that await to be uncovered. In support of this view, studies on the human Rix7 orthologue suggest that NVL may directly interact with ribosomal protein L5 and the exosome-assisting RNA helicase hDOB1/hMTR4 [@bb0190; @bb0195]. However, the functional significance of these findings has not yet been explored in detail.

2.2. Drg1 promotes cytoplasmic maturation of pre-60S particles by stripping shuttling proteins {#s0020}
----------------------------------------------------------------------------------------------

First indications for a function of the hexameric Drg1 in yeast came from the finding that the drug diazaborine causes a specific block in ribosome biogenesis, which can be relieved by diazaborine resistant alleles of *DRG1* [@bb0200]. The involvement of Drg1 in ribosome biogenesis became obvious when the thermo-sensitive *drg1-18* mutant was found to display nuclear pre-rRNA processing defects and reduced levels of 60S subunits. In apparent contradiction to a direct involvement of Drg1 in nuclear pre-60S maturation, Drg1 was found to be located exclusively in the cytoplasm [@bb0080].

This enigma was resolved by the finding that the shuttling biogenesis factors Rlp24, Arx1, Nog1 and Tif6 accumulate in the cytoplasm of *drg1* mutant cells [@bb0080]. The fact that these factors remain associated to cytoplasmic pre-60S particles in the *drg1-ts* mutant shows that Drg1 is required for their release from pre-60S particles to allow their subsequent re-import. The pre-rRNA processing defects observed in the *drg1-ts* mutant are therefore likely a consequence of the nuclear depletion of the essential shuttling factors. Moreover, the persistence of these proteins on cytoplasmic pre-60S particles blocks downstream maturation steps [@bb0080]. Similar results were obtained upon overexpression of a dominant negative, D2 ATPase inactive Drg1, thus the catalytic activity is strictly required for the release of shuttling proteins and subsequent biogenesis events [@bb0080].

Very recently, it was shown that Mrt4 also accumulates in the cytoplasm of *drg1-ts* mutant cells [@bb0205]. Since the release of Mrt4 is required for loading of the ribosomal protein and stalk constituent Rpp0 [@bb0210; @bb0215; @bb0220; @bb0225], the formation of the characteristic 60S stalk structure is prevented in the *drg1-ts* mutant.

In summary, the function of Drg1 is required for the release of a whole set of shuttling proteins as well as for progression of 60S maturation [@bb0080; @bb0205]. The broad number of cytoplasmic maturation events affected by non-functional Drg1 makes it implausible that Drg1 is directly participating in all these maturation steps. More likely, Drg1 catalyzes one early reaction that is essential for the subsequent cascade of release and joining events. Consequently, the blockage in release of all these shuttling proteins, as well as the inability to assemble later factors in the *drg1*-*ts* mutant, suggests that Drg1 initiates cytoplasmic pre-60S maturation [@bb0080; @bb0205].

Which is (are) the direct substrate(s) of Drg1? Drg1 is physically associated with pre-60S particles purified via the shuttling proteins Arx1 or Alb1, but it is missing from late cytoplasmic particles purified by Rei1 or Lsg1 ([Fig. 1](#f0005){ref-type="fig"}). Therefore, factors that are still found on the Lsg1 particle can be most likely excluded from the list of potential substrates. A likely candidate is the shuttling protein Rlp24, which is released from the pre-60S particle shortly after export. Rlp24 is highly homologous to the ribosomal protein Rpl24 and is postulated to act as a placeholder until being replaced for Rpl24 in the cytoplasm [@bb0230]. Indeed, it was shown recently that Drg1 fails to associate with pre-60S particles isolated via a dominant negative, C-terminally truncated version of Rlp24 [@bb0205]. Moreover, Rlp24 interacts with Drg1 in vitro and stimulates its ATPase activity (L. Kappel and H. Bergler, unpublished results). Together, these results indicate that Rlp24 is required for recruitment of Drg1 to pre-60S particles and could be its direct substrate.

In line with Drg1 being required immediately after export of the pre-60S particle, Drg1 was recently found to interact biochemically and genetically with several FG-repeat containing nucleoporins localized at the cytoplasmic site of the NPC (L. Kappel and H. Bergler, unpublished results). One possible benefit of this interaction might be to increase the local concentration of the low abundance Drg1 protein to facilitate the recognition of the pre-60S substrate directly after export. Alternatively, this interaction may modulate nucleotide binding or ATP hydrolysis of the Drg1 ATPase.

2.3. Catalytic AAA domains within Drg1 and Rix7 {#s0025}
-----------------------------------------------

Extensive mutational and biochemical analyses of Cdc48/p97 have revealed that the main ATPase activity resides in the D2 domain, whereas the D1 domain appears to be mainly important for hexamerisation ([@bb0175; @bb0235; @bb0240] and references therein). Genetic analysis of Drg1 and Rix7 variants harboring the classical Walker A (K \> A, defective nucleotide binding) and Walker B mutations (E \> Q, impaired ATP hydrolysis) (Fig. S1) [@bb0055] reveal a similar enzymatic organization as observed for Cdc48/p97 [@bb0080] (D. Kressler and E. Hurt, G. Zisser and H. Bergler unpublished data). The mutations in Walker A in D1 and D2, as well as Walker B in D2 do not support growth, whereas the Walker B mutation in D1 is viable. Moreover, overexpression of the Walker B D2 mutants exerts a dominant-lethal growth phenotype. These analyses indicate that nucleotide binding within D1 is essential, whereas ATP hydrolysis appears not to be required or does not strictly depend on the glutamate residue in the Walker B motif, suggesting a predominantly structural function. The D2 domain likely harbors the main catalytic activity since both ATP binding and hydrolysis is essential. Despite these functional parallels, there are differences between Drg1 and p97 with respect to nucleotide affinity, ATPase activity, oligomerisation, and hexamer stability [@bb0245; @bb0250; @bb0255; @bb0260]. Nevertheless, it is likely that each of these three AAA-ATPases utilizes a slight variation of a common mode of action. As proposed for p97, it is conceivable that in general the state of the bound nucleotide is transmitted to induce a relative movement between D1 and D2, which displaces the N-terminal substrate-binding domain and hence exerts the pulling force required for substrate extraction [@bb0100; @bb0180].

3. Rea1, a giant AAA-ATPase in 60S biogenesis {#s0030}
=============================================

The best-studied ATPase in ribosome biogenesis is the huge Rea1 AAA-ATPase, which is conserved from yeast to human (Fig. S6) [@bb0265]. Rea1 is built up of several different domains: It has a weakly conserved N-terminal domain, followed by a dynein-like tandem array of six AAA-type ATPase domains [@bb0270], a large linker, a D/E rich region and a MIDAS (*m*etal *i*on *d*ependent *a*dhesion *s*ite) domain ([Fig. 4](#f0020){ref-type="fig"}A). Since all six ATPase domains possess characteristic "pre-sensor-I insertion" (PSI insert) and "helix2 insertion" (H2 insert) elements (Fig. S5, [@bb0060; @bb0085]), Rea1 can be classified as a member of the H2-insert clade [@bb0085]. Whereas domains D1, D2, D3, D4, and D5 have a characteristic lid domain harboring a conserved sensor-II motif, the D6 domain lacks this region, but is connected directly to the large linker domain ([Fig. 4](#f0020){ref-type="fig"}A). Contrary to the classification of Rea1 into the "pre-sensor-II insert" (PS-II insert) clade by Erzberger and Berger [@bb0060], our sequence analysis did not reveal the presence of the characteristic α-helical PS-II insertion after α-helix 5 but rather suggests that α-helix 6 and 7 are connected by a linker of variable length ([Fig. 4](#f0020){ref-type="fig"}A, S5, S6). Clearly, structural information of the Rea1/Midasin ring domain is required to reveal the architecture of the lid domain.

3.1. Rea1 promotes structural rearrangements of nucleolar and nucleoplasmic pre-60S ribosomes {#s0035}
---------------------------------------------------------------------------------------------

Rea1 was first identified as a component of the Nug1-purified particle, a pre-60S ribosome at the transition from the nucleolus to the nucleoplasm [@bb0275]. Subsequently, it was discovered that Rea1 is enriched in the nucleoplasmic Rix1 particle ([Fig. 1](#f0005){ref-type="fig"}) [@bb0280; @bb0285; @bb0290]. Electron microscopy (EM) revealed that Rea1 consists of a ring-like domain, built up by the six ATPase modules, and an elongated tail structure carrying the MIDAS domain at its tip ([Fig. 4](#f0020){ref-type="fig"}A) [@bb0070]. Rea1 attaches, via the ATPase ring domain, to the Rix1 pre-ribosome in the vicinity of the Rix1-Ipi3-Ipi1 sub-complex with its tail protruding from the pre-ribosome [@bb0070; @bb0280]. However, whether the Rix1-Ipi3-Ipi1 sub-complex is a direct interaction partner of the ATPase ring remains elusive. Remarkably, the tail of Rea1 is flexible and the MIDAS domain is able to contact the pre-ribosome at a second distinct position where the pre-60S maturation factor Rsa4 is located. The MIDAS domain of Rea1 interacts in vivo and in vitro with the N-terminal *MI*DAS interacting *do*main (MIDO) of Rsa4 [@bb0070] and this interaction is essential for progression of 60S biogenesis [@bb0065; @bb0070].

In silico analysis of the Rsa4 MIDO domain revealed that Ytm1, a further 60S biogenesis factor, also harbors a MIDO domain at its N-terminus [@bb0065]. Subsequent genetic and biochemical analyses showed that the Ytm1 MIDO domain interacts with MIDAS with the same mechanistic properties underlying the Rea1--Rsa4 interaction [@bb0065]. However, Ytm1 associates with earlier, nucleolar pre-60S particles, whereas Rsa4 is associated with later, nucleoplasmic particles ([Fig. 1](#f0005){ref-type="fig"}) [@bb0065; @bb0070; @bb0295; @bb0300].

In vitro experiments showed that ATP treatment of the Rix1 particle results in the release of Rsa4 and Rea1 ([Fig. 3](#f0015){ref-type="fig"}) [@bb0070]. Moreover, Ytm1, together with its direct binding partners Erb1 and Nop7 [@bb0295; @bb0305; @bb0310] can be released from pre-ribosomal particles in a Rea1-dependent reaction ([Fig. 3](#f0015){ref-type="fig"}) [@bb0065]. Both release reactions require hydrolysable ATP and an intact MIDAS--MIDO interaction [@bb0065; @bb0070]. Thus, Rea1 releases at least two substrates from pre-ribosomal particles at different stages during 60S biogenesis. An active release of the Ytm1-Erb1-Nop7 sub-complex may weaken the interaction of neighboring biogenesis factors to the pre-ribosomal particle and thus facilitate their displacement or replacement by other factors. In this respect it should be considered that the transition of pre-60S particles from the nucleolus towards the nucleoplasm is marked by a substantial reduction in complexity with several nucleolar factors being released [@bb0075].

3.2. The MIDAS--MIDO interaction {#s0040}
--------------------------------

MIDAS domains are best studied in integrin receptors and usually consist of six central β-strands sandwiched by amphipathic α-helices [@bb0315; @bb0320; @bb0325]. MIDAS domains contain the characteristic sequence motif DxSxS-x~70~-T-x~30~-DG (Fig. S6). These residues lie on three adjacent loops that coordinate a divalent metal ion, which is important for ligand binding. The sixth binding site of the metal ion is occupied by a conserved glutamate or aspartate residue of the MIDAS ligand. Mutational analysis of these residues within Rea1, Rsa4 and Ytm1 revealed their necessity for the MIDAS--MIDO interaction, the release reaction, and thus for 60S ribosome biogenesis [@bb0065; @bb0070]. In addition to the classical MIDAS domain, a highly conserved α-helical extension (amino acids 4622--4701 of *S. cerevisiae* Rea1, see Fig. S6) is essential for the MIDAS--MIDO complex formation [@bb0070] (C. Ulbrich and J. Baßler, unpublished data).

Rea1 has been proposed to be a mechanoenzyme that strips off biogenesis factors by physical force [@bb0065; @bb0070]. In order to allow an efficient detachment of the MIDO proteins, one would expect a strong interaction between MIDAS and MIDO domains. However, Rsa4 or Ytm1 do not stay associated with the Rea1 MIDAS domain after the release reaction [@bb0065; @bb0070]. Thus, there might be a molecular switch that allows a strong interaction during the release reaction but permits the subsequent release by a decreased affinity. Interestingly, it has been observed that the interaction of the integrin MIDAS with its ligand has to endure mechanical tension and that this interaction is further strengthened by tensile force [@bb0330; @bb0335]. A similar property may also exist for the Rea1 MIDAS--MIDO interaction.

MIDO mutants of Rsa4 and Ytm1 that cannot interact with Rea1 exhibit a dominant-lethal phenotype [@bb0065; @bb0070]. These mutant proteins are efficiently incorporated into nascent 60S pre-ribosomes, but completely block the release reaction and downstream pre-60S maturation [@bb0065; @bb0070]. In contrast, Rea1 MIDAS deletion mutants are lethal, but not dominant lethal (M. Thoms, J. Baßler, E. Hurt, unpublished data). This may reflect the fact that such mutant proteins are not efficiently incorporated into pre-60S particles. It remains elusive how Rea1 is recruited to pre-60S ribosomes and whether it first binds with the MIDAS or the ATPase ring domain. In addition, it is not clear whether Rea1, after releasing the Ytm1-Erb1-Nop7 sub-complex, remains bound to the particle via its ATPase ring domain or is released and re-joins the particle at a later stage to perform its nucleoplasmic function on Rsa4 ([Fig. 3](#f0015){ref-type="fig"}). Further mutational, biochemical, and structural investigations are required to answer these aspects of the Rea1 cycle.

3.3. Mechanism of the ATP-dependent release reaction {#s0045}
----------------------------------------------------

Structural and biochemical data suggest that, at an intermediate state, Rea1 is bound to two distinct sites. One contact is mediated via the motor domain and a second one via the MIDAS domain to Rsa4 or Ytm1, thereby creating a unique mechanochemical device. Analogous to other AAA-ATPases, the Rea1 AAA-modules may adopt different conformations in APO-, ATP- or ADP-bound states, which will affect associated sub-domains like the Rea1 tail or elements of the ring domain. Such conformational changes may ultimately promote the release of Rsa4 and Ytm1. Thus, ATP hydrolysis may create the mechanical force after Rea1 has docked at two sites on the pre-ribosome. Alternatively, ATP hydrolysis could be responsible for moving the tail towards Rsa4/Ytm1 at the pre-ribosome.

How are the conformational changes of the ATPase ring mechanically connected with the movement of the tail domain? Different mechanisms can be envisaged ([Fig. 4](#f0020){ref-type="fig"}B): the Rea1 ATPase ring might be fixed on the pre-60S particle and a conformational change inside the ATPase domains may generate a power stroke that moves the Rea1 tail. Such a power-stroke model has been proposed for the dynein-mediated movement along microtubules [@bb0340; @bb0345; @bb0350]. However, in contrast to dynein [@bb0350] the Rea1 tail emanates from a presumably inactive AAA-domain. Notably, the D6 subdomain shows a significantly lower degree of conservation in the Walker A motif and the Walker B motif deviates from the consensus sequence (DE \> DN). Moreover the adjacent D1 domain lacks the arginine finger, suggesting that the D6 domain has a predominantly structural function (Figs. S5, S6) [@bb0265].

An alternative to the power stroke model might be described as a kind of ratchet-hoist model: conformational changes within the active ATPase modules that presumably interact directly with the pre-ribosome might twist the ATPase ring at the pre-ribosome, which would create a tension force pulling the MIDAS domain away from the pre-ribosome.

3.4. Regulation of the Rea1 ATPase activity {#s0050}
-------------------------------------------

In general, it seems important to ensure that ATP hydrolysis is tightly coupled to ligand binding. For instance, it has been described that ligand binding to dynein causes conformational changes that are likely transmitted towards the ATPase ring, thereby modulating its ATPase activity [@bb0355; @bb0360; @bb0365]. Accordingly, Rea1 should only be activated after binding of the ATPase ring at the pre-ribosome and the binding of the MIDAS domain to Rsa4 or Ytm1. The direct binding partners of the ATPase ring are not yet known and it is unclear how they might influence ATPase activity. However, the integrin system offers a possible explanation of how ligand binding causes conformational changes within a MIDAS domain [@bb0320; @bb0370]. These conformational changes are then transmitted to the adjacent domains, and a model with bidirectional signal transmission has been proposed [@bb0315; @bb0320]. Also within Rea1, ligand binding has to be communicated along the linker domain to the ATPase ring. Sequence analysis indicates that the Rea1 linker domain is not simply a long connection, but also has sections with high sequence conservation, which might be important for such a proposed communication. However, there could be as yet unidentified co-factors that regulate Rea1 ATPase activity.

4. Concluding remarks {#s0055}
=====================

The common function of the AAA-ATPases involved in ribosome biogenesis appears to be the release of selected ribosome biogenesis factors. These release reactions likely mark major transitions on the pre-60S ribosome assembly pathway and seem to be critical for downstream maturation processes. Still, many questions remain to be answered: are the functions and targets of Drg1, Rix7, and Rea1 conserved among higher eukaryotes? Is there a relationship between ubiquitination and substrate processing for Drg1 and Rix7? Why are such big and powerful devices required for the release of selected ribosome biogenesis factors? Are these factors more tightly bound than others to pre-ribosomal particles, therefore requiring energy input for their release? Or are the release events coupled to energy-consuming structural rearrangements, which are necessary for downstream maturation reactions?

Moreover, a further fascinating question is how such huge molecular machines utilize ATP hydrolysis to perform mechanical work. Here, the substrates of these AAA-ATPases have to be pulled or pushed apart from pre-60S particles --- "Give me a lever long enough and a fulcrum on which to place it, and I shall move the world." [@bb0375]. In analogy, we expect these ATPases to interact with two distinct sites: an anchoring point and a working point. It is obvious from the structural investigations that Rea1 interacts with two different sites on the pre-ribosomal particle. Moreover, we propose that Drg1 and Rix7 also have to interact with two, maybe adjacent, sites which are shifted against each other during the ATP hydrolysis cycle, thereby generating the force to release one binding partner from the particle. Future structural and functional work should shed more light on the working mechanism of these highly interesting molecular machines.
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Fig. S1: A, Multiple sequence alignment of Cdc48/p97, Drg1, and Rix7/NVL over the D1 and D2 AAA-ATPase domains. The alignment was generated with ClustalW [@bb0380] and displayed with Jalview [@bb0385]. Secondary structure elements (α-helices and β-strands) are according to the crystal structure of p97 (pdb 3CF2) [@bb0100]. In the D2 domain, the positions of α-helix 8 and of the last α-helix are according to secondary structure prediction (PSIPRED) [@bb0390]. Numbering of α-helices and β-strands as well as nomenclature of sequence elements is according to [@bb0085]. Elements of the ATPase core are colored in red (α-helices) and green (β-strands), the lid domain and its α-helices are depicted in light blue. The additional α-helix of classical clade AAA-ATPases and the post helix7 insertion are indicated in dark blue. Specific ATPase elements are labeled. The classical Walker A (K \> A, defective nucleotide binding) and Walker B mutations (E \> Q, impaired ATP hydrolysis) are also indicated [@bb0055]. Unique features of the classical clade are highlighted: (i) replacement of the generally conserved sensor-II arginine at the base of α-helix7 by an alanine; (ii) short insertion within the arginine finger region leading to the occurrence of two conserved arginines that are usually separated by proline and glycine. B, Representation of the secondary-structure distribution within each ATPase domain with the α/β domain depicted in green (β-strands) and red (α-helices) and the α-helical elements of the α-helical lid domain depicted in light blue. The classic-clade-specific additional α-helix and the post helix7 insertion are shown in dark blue.Fig. S2: A, The N-terminal domain of Drg1 is composed of two sub-domains: a double-ψ β barrel Nn-domain and a four-stranded β-barrel Nc-domain. A, Multiple sequence alignment of Drg1 (*S. cerevisiae*, amino acids 31--249), Cdc48 (*S. cerevisiae*, amino acids 33--218) and p97 (*M. musculus*, amino acids 23--208). The alignment was generated with ClustalW [@bb0380] and displayed with Jalview [@bb0385]. Secondary structure elements (α-helices in red and β-strands in green) are derived from secondary structure prediction (PSIPRED) [@bb0390], a Drg1 structure model, or crystal structures of p97 (pdb 3CF2, 1R7R, and 1E32) [@bb0100; @bb0110; @bb0115]. Numbering of α-helices and β-strands is according to [@bb0110]. Note that the alignment was refined in order to properly position the predicted β-strand 10 of Drg1. B, Structure model of the N-terminal domain of Drg1. The structure model was calculated, based on HHpred alignments [@bb0395], by the MODELLER software from a p97 reference structure (pdb 3CF2) [@bb0100]. The PyMOL program was used to display the structure [@bb0400]. As in A, the structural elements of the Nc-domain are distinguished from the ones of the Nn-domain by the use of darker colors.Fig. S3: Structural analysis of the N-terminal domain of Rix7. A, Schematic representation of the N-terminal domains of Rix7 and NVL. The distinct N-terminal regions are denoted by N1, N2 and N3 and they are followed by a bipartite nuclear localization signal (NLS). Relevant predicted α-helices are indicated. The two glycines (GG) indicate the start of the AAA-domain D1. B, Multiple sequence alignment of the N-terminal domains of fungal Rix7 proteins (*S. cerevisiae*, *C. glabrata*, *A. gossypii* and *S. pombe*). The alignment was generated with ClustalW [@bb0380] and displayed with Jalview [@bb0385]. Secondary structure elements (α-helices in red and β-strands in green) are derived from secondary structure prediction (PSIPRED) [@bb0390]. The conserved α-helix at the end of the N2 region is underlined in blue. C, Multiple sequence alignment of the N1 regions of fungal Rix7 (*S. cerevisiae* and *S. pombe*) and mammalian NVL (*M. musculus*). Secondary structure elements are derived from secondary structure prediction (PSIPRED) [@bb0390], a Rix7 (*S. cerevisiae*) structure model, or an NMR structure of mouse NVL (pdb 2RRE) [@bb0145]. D, Structure model of the N1 region of Rix7 (*S. cerevisiae* amino acids 1--113). The structure model was calculated, based on HHpred alignments [@bb0395], by the MODELLER software from a mouse NVL reference structure (pdb 2RRE) [@bb0145]. The PyMOL program was used to display the structure [@bb0400]. The color of the α-helices is as in A. E, Multiple sequence alignment of the conserved α-helix at the end of the N2 region of fungal Rix7 (*S. cerevisiae* and *S. pombe*) and mammalian NVL (*H. sapiens* and *M. musculus*). The position of this α-helix (red) is derived from secondary structure prediction (PSIPRED) [@bb0390].Fig. S4: Effects of mutational inactivation of Rix7 on the fate of Nsa1-containing pre-60S particles. In wild-type cells (*RIX7*, upper green pathway), Rix7 releases Nsa1 from late nucleolar pre-60S particles. Upon mutational inactivation of Rix7 (*rix7*, lower red pathway), the majority of pre-60S particles do not further evolve and are degraded (1), while a fraction of pre-60S particles gain an earlier composition and are retained in the nucleolus (2). Nsa1 remains associated with pre-60S particles that have escaped from disassembly or nucleolar retention, and accumulates over time on 'aberrant' cytoplasmic 60S subunits (3). [@bb0075; @bb0095]. For simplicity, the Rea1-mediated release of the trimeric Ytm1-Erb1-Nop7 sub-complex has been omitted.Fig. S5: Multiple sequence alignment of the Rea1 ATPase domains was done with ClustalW [@bb0380] and displayed with Jalview [@bb0385]. Secondary structure elements are depicted below (see also Fig. S6). Elements of the ATPase core are colored in red (α-helices) and green (β-strands), the lid domain is depicted in light blue and clade-specific insertions are indicated in dark blue. Specific ATPase elements are labeled.Fig. S6: Multiple sequence alignment of Rea1 full-length was done with ClustalW [@bb0380] and displayed with Jalview [@bb0385]. Secondary structure prediction of *S. cerevisiae* Rea1, done with PSIPRED [@bb0390], is depicted below and ATPase specific elements are labeled (α-helices are shown in red, β-strands in green, the AAA-ATPase specific lid domain is indicated in light blue and the clade-specific helix2 insert and pre-sensor-I insert (PSI) are indicated in dark blue. A red line marks the MIDAS domain).
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![Biogenesis of the large (blue) and small (green) ribosomal subunit and the contribution of AAA-ATPases. Rix7, Rea1, and Drg1 are dedicated to the release and recycling of distinct biogenesis factors from different pre-60S particles. Major landmark of pre-60S ribosomes are depicted together with their corresponding bait proteins. These factors, namely Ssf1, Nsa1, Rix1, Arx1, and Lsg1, are only associated during a short time window with pre-60S particles and thus co-purify rather distinct pre-60S ribosomes. Ssf1 and Nsa1 purify nucleolar particles, whereas Rix1 purifies a nucleoplasmic intermediate. Arx1 represents an export-competent particle that carries export factors. Finally, Lsg1 is associated with an almost mature, cytoplasmic 60S particle. The three AAA-ATPases and their potential substrates are indicated.](gr1){#f0005}

![Schematic domain organization of Drg1 and Rix7. A, Linear representation of a protein monomer with the N-terminal, the D1 and the D2 domain depicted in yellow, orange and red, respectively. Note that the α-helical lid domains of D1 and D2 are shown in the respective dark orange and dark red color. The Walker A (A), Walker B (B) motifs, sensor-I (I) and II (II) and the arginine finger (R) of each domain are indicated. B, Representation of the secondary-structure element distribution within each ATPase domain with the α/β domain depicted in green (β-strands) and red (α-helices) and the α-helical elements of the α-helical lid domain depicted in light blue. The classic clade specific α-helix insertion is shown in dark blue. C and D, Two orthogonal views showing the hexameric organization of these AAA-ATPases. One protomer with its sub-domains is highlighted in the same colors as in A.](gr2){#f0010}

![Model of a possible Rea1 cycle during 60S maturation. Rea1 associates with a nucleolar particle and releases the Ytm1-Erb1-Nop7 sub-complex. Then nucleoplasmic recruitment of Rsa4 to the pre-60S particle initiates the second Rea1-dependent reaction, which releases Rsa4 and Rea1. Note that several details of this multistep process are still elusive.](gr3){#f0015}

![Domain organization of Rea1. A, Rea1 consists of an N-terminal domain, six ATPase modules that form the ring domain, followed by a long α-helical linker, a D/E rich region and a MIDAS domain. The predicted structural organization of an ATPase module: the central α/β domain is shown in red (α-helices) and green (β-strands), including Walker A (A), and Walker B (B) motif, sensor-I (I) and the arginine finger (R) indicated by a purple dot. The lid domain including the sensor-II (II) region is depicted in light blue. The clade-specific helix2 insert and pre-sensor-I insert (PSI) are indicated in dark blue (colors are identical to secondary structure prediction of Figs. S5 and S6.) B, Possible mechanisms of Rea1-mediated release reactions. Mechanism 1 displays a ratchet-hoist model, where energy is utilized to move the Rea1 ATPase ring on the pre-ribosome, thus creating a tension that pulls off the substrate. In mechanism 2 (power-stroke model) the Rea1 ring domain stays firmly attached at the pre-ribosome. Conformational changes within the ATPase ring are causing a power stroke: i.e. an active movement of the linker domain with the attached D/E rich region and the MIDAS domain.](gr4){#f0020}
